Silicon oxide can be formed in a crystalline form, when prepared on a metallic substrate. It is a candidate support catalyst and possibly the ultimately-thin version of a 1 arXiv:1902.04514v1 [cond-mat.mtrl-sci] 12 Feb 2019 dielectric host material for two-dimensional materials (2D) and heterostructures. We determine the atomic structure and chemical bonding of the ultimately thin version of the oxide, epitaxially grown on Ru(0001). In particular, we establish the existence of two sub-lattices defined by metal-oxygen-silicon bridges involving inequivalent substrate sites. We further discover four electronic bands below Fermi level, at high binding energies, two of them forming a Dirac cone at K point, and two others forming semiflat bands. While the latter two correspond to hybridized states between the oxide and the metal, the former relate to the topmost silicon-oxygen plane, which is not directly coupled to the substrate. Our analysis is based on high resolution X-ray photoelectron spectroscopy, angle-resolved photoemission spectroscopy, scanning tunneling microscopy, and density functional theory calculations.
Introduction
Ultrathin oxide films are of paramount technological importance in diverse fields such as catalysis or energy conversion. [1] [2] [3] [4] Moreover, the continued trend towards miniaturization of modern micro-and nano-electronics has been driven significant effort in the elaboration of very-high-quality crystalline oxide films down to the ultimate thickness of a single atom or polyhedron. At this (2D) limit, chemical and physical properties such as energy band gap, 5 reactivity or flexibility can be profoundly altered. As interestingly as the oxide itself, the interface with the support can exhibit unprecedented electronic properties. and bilayers.
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The silicon oxide structure can be described as a network of corner-sharing SiO 4 tetrahedra forming a honeycomb lattice. This ultimately thin silicate, also called 2D silicon oxide, has remarkable properties. To date, both in its monolayer (ML) and bilayer (BL) form, it exhibits the largest band gap accessible (about 6.5 eV) among 2D materials making it the ideal 2D insulator. 16 Mechanical transfer from the growth substrate to a new support has been recently achieved. 32 Therefore, this material can be envisaged to be used as a stacking brick in Van der Waals heterostructures. Like graphene, its properties can be modified by doping, 31, 33, 34 intercalation, [35] [36] [37] [38] and creation of defects.
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Finally, it is also an ideal plateform to investigate the amorphous-crystalline phase transformations in 2D, 15, 39, 41 a rising research field fuelled by the prospect for applications based on switchable properties.
The structure of ML and BL 2D silicon oxide grown by epitaxy on the surface of metals has been experimentally and theoretically characterized in the case of Mo(112) [7] [8] [9] [10] [11] [12] and Ru(0001) substrates. [14] [15] [16] 22, [24] [25] [26] [27] [28] 31 Ru(0001) has been demonstrated to be a substrate of choice due to its intermediate oxygen affinity and small lattice mismatch with the oxide film. 21 Recently, it was also used to grow both ML 42 and BL 43 germania, the parent compound where Si atoms are replaced by Ge atoms. Surprisingly, to date, the electronic band structure of such films has not been directly addressed theoretically or experimentally although its knowledge is essential to understand the dielectric and transport properties. In this article, we focus on the band structure of ultimately thin silicon oxide film on Ru(0001) measured by angle-resolved photoemission spectroscopy (ARPES) and discuss the origin of the bands in the light of polarization dependent measurements and density functional theory (DFT) calculations.
Prior to this analysis, we first address the chemical nature of the interface between the oxide and the substrate, which will further allow us to rationalise the band structure measurements. For that purpose we use high resolution X-ray photoelectron spectroscopy (HR-XPS), here with a higher resolution than in previous experiments, 14, 17 and are hence able to resolve different kinds of bonds involving chemically inequivalent atoms in the structure.
Next, we present our characterization of the structure of in situ-grown 2D ML silicon oxide, using scanning tunneling microscopy (STM) and low energy electron diffraction (LEED).
Finally, the band structure has been determined using ARPES and interpreted in the light of DFT. We notably resolve electronic bands forming a Dirac cone at K point, associated with states delocalized in the topmost Si-O plane, and semi-flat bands associated with the hybridization with the states of the substrate.
Results and discussion
Binding configuration of a monolayer 2D silicon oxide on Ru(0001). The structural properties of the ML and BL of ultrathin silicon oxide on Ru(0001) were determined in previous works. 14, 15, 24, 26, 27, 43 Binding energy (eV) 
25,28
This phase has been predicted as the stable phase for the ML by earlier DFT calculations.
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According to the ML structural model depicted in Figure 1a , O atoms occupy three sites To try to detect the presence of these chemically different kinds of O atoms, we measured XPS with unprecedented high-resolution at a photon energy of hν = 700 eV. The measured spectra exhibit three peaks (see Figure 1e) . Peak A at 531.1 eV binding energy (BE) is attributed to O bonded to two Si atoms (Si-O-Si(ML), light green) in the ML as already observed on the same system on Ru(0001) 18 as well as on Mo(112).
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The A peak has an extended high BE-tail, which suggests that it actually comprises two components.
The higher-BE component (Si-O-Si, dark green), which obviously has less spectral weight than the one around 531.1 eV, may relate most probably to bonds between Si and O atoms for instance in a small fraction of the surface being covered with a BL 17 or to locally different chemical environments corresponding to structural defects or inhomogeneities in the "free" oxygen phase on Ru(0001) coexisting with the silicon oxide.
In an initial fit attempt, based on XPS spectra recorded on O-p(2×2), O-(2×1), and 3O-(2×2) superstructures on Ru(0001) (see Figure S2a ), we could reasonably assign peak B located at 529.9 eV BE to O atoms chemisorbed on Ru (refered as O-Ru). Peak C is assumed to be due to Si-O-Ru bonds. Note that, up to now, peak C has not been resolved for this system. On the one hand, the decreased weight observed for Si-O-Si bonds can be explained by an increase of the inelastic mean free path (IMFP) of the electrons at high photon energy.
On the other hand, the increased weight for O-Ru contribution has already been observed using higher photon energy, with regular X-ray lab source.
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The IMFP being marginally different for the three components (O-Ru, Si-O-Ru(top), Si-O-Ru(hollow)), it cannot ex-plain such variations. A reasonable explanation could be a photodiffraction effect that may only be accounted for within a complex quantitative analysis of the XPS spectrum.
We also performed XPS measurements on the Si 2p and Ru3d 5/2 core levels ( Figure 2d ,e).
The Si 2p core level spectrum does not exhibit a single component. The spin-orbit coupling splitting of the core level, of about 600 meV, is too small to account for the lineshape. We hence assume that besides the main contribution centered at 101.7 eV (Si (ML)), at least one more contribution exists at 102.7 eV (Si bis ), corresponding to a chemically inequivalent kind of Si atoms. Similar to the case of O atoms addressed earlier, such Si atoms may be found in a small fraction of the surface being covered with a BL silicon oxide or at defect sites.
We finally examine the Ru3d 5/2 core level spectra after the growth of the silicon oxide ML Overall, our detailled high resolution XPS analysis provides fine insights into the binding of silicon oxide on Ru(0001). Our data detects chemically inequivalent contributions of bonds involving oxygen, silicon, and ruthenium atoms, which could not be directly deciphered, so far, due to a limited energy resolution of the measured XPS data. In particular, we are able to confirm the binding scheme that has been proposed up to now, in which the ML silicon oxide forms two distinct bonds with Ru(0001), via Si-O-Ru bridges involving two kinds of Ru atoms, three ones in hollow sites on one hand, and a single one on top sites on the other hand.
Dispersive electronic states in the monolayer of ultrathin silicon oxide. Now that we have established the chemical binding configuration at the interface between silicon oxide and Ru(0001), we turn to the exploration of the band structure of the system. Figure   3a -c displays ARPES spectra along the high symmetry Figure S4 for details concerning the directions in the Brillouin zone (BZ)) of the bare substrate, the pre-oxidized 3O-(2×2)/Ru(0001) and after 2D silicon oxide formation, respectively. 
Integrated intensity (a.u.)
Ru ( Upon O chemisorption, the ARPES spectrum is mostly modified below -6 eV where an extra band "E" is observed with a minimum at Γ point at about -7 eV. Band "B" is marginally affected by the presence of O. In addition, we observe spectral weight near Γ at -2 eV (band "A") and a decrease of the Ru-related intensity (compare to Figure 3a ) that exhibits a (2×2) superperiodicity with respect to the substrate and resulting from Ru-O covalent bonds (see Figure S5 ). We note that the "D" band has vanished as could be expected since oxygen exposure to obtain the superstructures is a common way to get rid of carbon contamination on Ru surfaces. Experimental data are well reproduced by the DFT calculations of both the bare and oxygen-reconstructed surfaces (Figure 3e,f) , specially the fact that ARPES spectrum is featureless below -8 eV. In order to simplify the interpretation, we have colorized in red the bands with an oxygen character. In comparaison with the case of the bare surface, the calculations for the 3O-(2×2) reconstruction exhibit new bands with oxygen character near -2 eV, -6 eV and -8 eV. These calculations match well with the ARPES measurements.
After the growth of the silicon oxide, four bands, labelled "1" to "4" in Figure 3c , are observed in the [-8,-14] eV range below E F . Band "1" is almost flat and located at about -8 eV. Bands "2" and "3" cross at -9.5 eV and disperse downwards and upwards around Γ point, respectively. Band "4" disperses downwards with a minimum at Γ at -13 eV. Note that band "4" is exclusively observed in the second BZ due to matrix elements effects as shown in Figure S6 . In the [-5,-7] eV range, additional spectral weight is now observed. The FDOS in this range, displayed in Figure 3d , is broadened. In addition to the dispersive "B" band from 3O-(2×2)/Ru at -5 eV, a new flat band is found in this energy range. Moreover, a strong reduction of the photoemission intensity just below E F is visible (bands "A"), presumably due to the presence of the oxide limiting the escape of photoelectrons created underneath it, as it is expected given the surface sensitivity of the technique.
These features are globally reproduced by our DFT calculations displayed in Figure 3g .
In particular, calculations show the emergence of non dispersive states around -5 eV (bands We also measured the band structure of silicon oxide along the (Figure 4a,c) . In these directions, the "A" bands show a twice smaller periodicity (here in reciprocal space) than that corresponding to the Ru(0001) lattice. These bands have the same properties in the case of Ru(0001) covered with the silicon oxide and with the 3O-(2×2) ( Figure S5 ) and are thus ascribed to the formation of O-Ru bonds. This signature in the band structure corresponds to the reminiscence of O atoms only connected to the Ru substrate in the ML structure (see Figure 1a ,b), as discussed above when analysing the HR-XPS data.
Furthermore, we can again identify bands numbered "1" to "4" and the group of bands labelled "B". These bands disperse in both high symmetry directions. We mapped an extended region of reciprocal space, giving us access to high symmetry points in the second BZ of the system. We now address the superperiodicity of the silicon oxide states relative to the Ru(0001) unit cell. For both the "2-3" and "4" bands, we measure a reciprocal space periodicity of (1.34 ± 0.05) Å . This point is fully coherent with the fact that silicon oxide has a (2 × 2) supercell in the direct space.
There is overall agreement between the DFT calculations and the ARPES data acquired (Figure 4b,d) . The "3-4" bands are well reproduced. The calculated band structure of 2D silicon oxide reveals few bands with a (2×2) superperiodicity that are absent in the case of pristine and oxidized Ru surfaces (see also Figure S7 ). Above -7 eV below E F , a band-to-band comparison is less straightforward due to the large number of bands.
Interestingly, bands "3" and "4" touch at a single kind of high symmetry point in the BZ, the K points (Figure 4c,d) . At the vicinity of this point, the dispersion is linear (see Figure 4c ,d and the second derivative shown in Figure S8d ), characteristic of a Dirac point.
Away from these points, a non-zero bandgap exists. In fact, as can be observed in scans of the band structure along the Γ − M and K − M directions (Figure 4 ), a saddle point is found for the "3" and "4" bands at the M points. To assess the bandgap between these two saddle points we extracted energy distribution curves (EDC) at K and M points ( Figure S8b,c) .
From these curves we estimate the bandgap to (1.4 ± 0.1) eV.
Origin of electronic bands. In the following, we address the orbital character of the electronic bands. For that purpose, we investigate the symmetry of the bands by adjusting the polarization of light (linear vertical (LV) and linear horizontal (LH)), and confront the experimental ARPES data to PDOS calculations considering the different kinds of atoms (Ru surface atoms, 4 O atoms and 2 Si atoms) composing silicon oxide as depicted in Figure   6b ).
The ARPES spectra of ML silicon oxide, measured with both LV and LH polarizations, are shown in Figure 5a -d. Second derivative is used in order to increase the visiblity of bands with a low photoemission intensity. The corresponding FDOS for both polarizations is given in Figure 5e . The contributions at -2 eV ("A") and at -5 eV (shoulder of block "B" at low BE) below E F are assigned to hybridised states between Ru and O.
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Indeed these states were already present in the case of the 3O-(2×2)/Ru(0001) reconstruction (see Figure 3b and Figure S5 ). Furthermore, they mostly correspond to the density of states observed for the p z orbital of O 1 atom and d orbitals of Ru atoms according to our calculations in Figure 6 . Figure 1a ,b, it is not the case of Si-O-Ru ones. Indeed, in addition to a global energy shift, contributions "1-2" are found at too low BE, and the degeneracy of bands "2" and "3" is lifted at the Γ point, unlike in the ARPES measurements.
In the DFT calculation we have considered the atomic model initially proposed in Ref. One striking feature in the calculated band structure is the presence of five bands ( Figure   3g ) while only four bands are observed in the ARPES. Moreover, band "3" is flattened in Γ leading to an apparent gap opening due to an anti-crossing with the next bands. We can assume that for the same reason, some degeneracy are raised between two bands in the calculation leading to five bands instead of four. In other words, it is likely that band "1" or band "2" are degenerated in the experimental band structure.
In order to evaluate the chemistry of the Ru-O-Si bridges, we have tested different possible origins for the discrepancy between theoretical and experimental band structures: i/ epitaxial relationship ii/ number of ruthenium layers that could change the electrostatics at the Ru surface. However, all the high symmetry shifts relaxed to the present model.
Likewise increasing the number of Ru layers does not allow to recover the experimental behavior at the Γ point (See Figure S10b ).
An other possible source of discrepancy might come from the used level of approximation in the DFT calculations. Indeed the present system is an hybrid one that contains different type of bondings ranging from covalent to metallic and might be highly sensitive to the used approximations. This hypothesis was tested by considering a bunch of different exchange and correlation (XC) functional including local (LDA) semi-local (PBE, SCAN) and hybrid (HSE06) descriptions. In Figure S10c we report the band structure for the SCAN functional that displays a small but rigid downward shift of the five characteristic bands. All the other considered XC functionals show the same behavior as depicted in Figure S11 by the evolution of the five characteristic eigenvalues at the Γ point. We note that the HSE06 functional seems to better reproduce the position of the eigenvalues "4" and "3" in connection with the expected band gap underestimation for local XC functionals.
At that point we have to conclude that the atomic model for monolayer silicon oxide, 18, 25 misses a key feature at the level of the bridge that is present in the experimental grown sample. The resolution of this atomic model is above the scope of the present paper.
Conclusions
In conclusion, we were able to resolve the binding configuration of ML of silicon oxide on Ru(0001). Two kinds of Si-O-Ru bridges involving two chemically inequivalent Ru atoms are formed. They result in the existence of two sublattices in the honeycomb lattice of ML silicon oxide. We discovered four electronic bands below Fermi level. Two of them form a Dirac cone, and two others are semi-flat bands. The existence of the two sub-lattices translates in the formation of a large band gap. All together the band structure is reminiscent of that typical of Kagome lattices. In addition, we demonstrate that the acknowledged atomic model for ML silicon oxide is incomplete as it presents few inconsistencies with our experimental data. Further characterizations are required to probe a better model.
Our work opens the way to the exploration of topologically non trivial electronic band structures in ultimately thin oxides which may eventually be controlled efficiently via local electric fields owing to the two-dimensional character of the system, for instance with the help of adsorbed species or dielectric gates.
Materials and methods
Experiment. Experiments were carried out in three ultra-high vacuum (UHV) setups (P < 1×10 mbar at room temperature (RT). The Si deposition rate was calibrated using AES for a well-documented system, Si on Cu(100).
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The final crystallization step was performed under 3 × 10
mbar O 2 at 1125 K for 15 min followed by a slow temperature ramp at a rate of 10
Temperatures were measured using a pyrometer.
Computational details. The theoretical study was carried out by using first principles calculations based on density functional theory (DFT). The exchange correlation potential was treated within the Local Spin-Density L(S)DA approximation. 
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igure S1: Experimental geometry of the photoemission experiment at the Cassiopee beamline. Red and blue planes correspond respectively to the incidence plane of photons and to the detection plane of the analyser using vertical slit. It is important to say that the selection rules mentioned in the main part of the paper are rigorously exact only at the normal emission. Figure S2 : (a) Comparison of the O 1s XPS core level between Ru, oxidised surfaces of Ru and ML silicon oxide. (b) Core level spectra for Ru3d 5/2 , in the case of (top) a Ru(0001) surface covered with a mixture of two oxygen reconstructions (3O-(2×2) and (2×1)) and (bottom) a ML silicon oxide on Ru(0001). A fit to the data is proposed in the case of the oxygen reconstruction, for which three kinds of Ru atoms exist on the surface, with 1 (Ru(1O)), 2 (Ru(2O)) and 3 (Ru(3O)) neighbour O atoms bond to the surface in hollow sites. (c) Details concerning the fitting procedures parameters.
During the fitting procedure, a Shirley background has been used. In order to simulate the experimental core levels line shapes, we used pseudo Voigt functions GL(x/y), which correspond to a product of a Lorentzian and a Gaussian with x and y proportions respectively (an analytic form for the convolution of a Gaussian with a Lorentzian is not available). For example, GL(100) corresponds to a pure Lorentzian profile. In spite of the small shifts, the overall behavior does not change by considering different levels of the XC approximation. There is not gap closing between eigenvalues "3" and and "2", the latest one being three times degenerated (with eigenvalues "1" and "0" in Figure   S11 ) at the Γ-point. 
